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ABSTRACT
As the cost to continue scaling photolithography to pattern smaller
semiconducting devices increases exponentially, new materials and fabrication
approaches are being sought to extend and enhance current capabilities. DNA
nanostructures have been identified as a promising material for patterning nanoscale
devices, and several studies have demonstrated the ability to program DNA
nanostructures to self-assemble into large scale arrays. These DNA arrays can be
designed to create the patterns necessary for fabricating semiconductor device features.
However, these structures are far from ideal and contain a number of defects that limit the
adoption of this approach for manufacturing. In order to create large defect-free DNA
arrays, further study is needed into the fundamental mechanisms governing array
formation. Toward this goal, the thermodynamics and kinetics of DNA array formation
were investigated using a DNA origami cross-tile that assembles into arrays through
DNA hybridization. The assembly of dimers, quadramers, and unbound arrays in solution
from monomers with complementary dye and quencher labeled hybridization interfaces
was monitored by observing the change in fluorescence of the solution as a function of
temperature and over time under varying buffer conditions and temperatures. The melting
temperature of each structure was measured and generally increased with an increasing
number of active sticky-ends per monomer. Values for standard thermodynamic
parameters were determined for each array design. The reaction kinetics data were fit
with a second order reaction model, and the effective reaction rate increased with
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increasing buffer magnesium concentrations and increasing temperatures. Finally, it was
determined that large, unbounded 2D DNA origami cross-tile arrays sediment out of
solution in only a few hours. The findings of this study provide insight into the
mechanisms of DNA array formation and establish practical ranges for key processing
parameters.
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CHAPTER ONE: INTRODUCTION
The semiconductor manufacturing industry has nearly reached the lower limits of
scalability for photolithography with a 193 nm light source, with production feature sizes
on the order of 20 nm1. Several methods are being pursued to continue scaling
nanomanufacturing, such as extreme ultraviolet (EUV) lithography and combining
current 193 nm techniques with directed self-assembly of block copolymers (BCPs)2, 3.
While industry adoption of EUV is inevitable, the cost penalty remains high and the
direct advantages are limited1. Masks made from self-assembled block copolymers
(BCPs) have been demonstrated to extend and enhance the limit of current lithographic
technology, but defects and limits to design control remain major issues4.
As an alternative to BCPs, self-directed DNA assembly is an attractive method for
continuing current photolithographic techniques due to its nanoscale feature sizes, diverse
programmability, and high addressability5. Self-assembled DNA structures can act as a
substrate for a variety of nanomaterials and have the potential to achieve spatial
resolutions superior to current top-down lithographic methods.6-16. To extend the scale of
bottom-up DNA origami self-assembly, individual structures are designed such that they
will crystallize and form large arrays. This technique, called tiling, is one method to
extend the highly addressable nature of individual DNA origami structures from the
domain of a hundred nanometers on edge to the tens of microns on edge. DNA
nanostructure arrays formed through tiling have been demonstrated in solution and
mediated through surface interactions17-23.
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For growth of large-scale 2D origami crystals on a surface, the surface interaction
increases as the array grows until the array is immobilized on the surface. This mobility
issue is not present in solution based origami tiling, but long-range order within arrays
becomes limited by stress-induced curvature within the DNA origami monomers and the
greater degrees of freedom for tiling in three dimensions24. In both cases, the
thermodynamics and kinetics of DNA origami tiling are not well understood.
Tiling of DNA nanostructures has been achieved using sticky-end hybridization,
blunt-end stacking, and combinations of these approaches17, 21, 25, 26. Blunt-end stacking
has been employed to provide relatively weak interactions between DNA origami tiles for
surface-assisted array formation22, 27. In the first demonstration of a two-dimensional
crystal of DNA origami, tiling in solution was achieved by sticky-end hybridization17, as
illustrated in Figure 1, which can yield stronger interactions than blunt-end stacking. For
the sticky-end hybridization approach, a number of single stranded “sticky-ends” (SEs)
are added to an initial origami design, these sticky-end sequences are programmed to
bind to complementary strands on other origami structures with a controlled orientation.
By carefully controlling the temperature, 2D crystal arrays ranging in size from hundreds
of nanometers to tens of microns form in solution17. Strict temperature control is
necessary to anneal out grain boundaries between crystallites without damaging the
individual origami structures, which melt at higher temperatures. The kinetic rates of
origami tile dimerization in solution and the thermodynamic stability of the structures are
determined by the architecture of the hybridization interface and are unique to each
monomer design28. However, the influence of buffer conditions on solution based tiling
has yet to be determined and the critical temperatures for large, defect free 2D array
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formation are not fully understood. Toward this goal, the objective of this study is to gain
insight into the thermodynamics and kinetics of DNA origami cross-tile array formation
and the effect of the solution environment.
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CHAPTER TWO: BACKGROUND

2.1 Scaling DNA Self-Assembly
Several methods of scaling DNA self-assembly to industry relevant dimensions are
being investigated and include self-assembly of large DNA crystals from entirely unique
ssDNA strands29, small dsDNA tile assembly30, DNA origami self-assembly using
multiple scaffold strands or scaffold strands larger than the standard m13mp18 ssDNA31,
and tiling of m13mp18 based DNA origami17. Each method presents its own advantages
and disadvantages.
Assembly of large structures using “n” number of unique ssDNA strands (oligos)
can produce complex tile structures as seen in Figure 2.132-37. However, because the
complete formation of oligo-based structures is heavily reliant on every single oligo
being present, the probability of forming a complete structure decreases as size increases.
This leads to low yields of oligo-based self-assembled structures29. Small dsDNA tile
assembly takes advantage of periodic growth of a single or small set of subunits into a
large array. These dsDNA tiles are often constructed from only a few oligos and through
control of their shape and interaction interfaces, 2D and 3D crystals will self-assemble as
shown in Figure 2.2. Assembly of useful structures can be difficult as careful control of
design and experimental parameters and an increasing number of unique tiles are
necessary to assemble large, error-free, tiles with programmed addressability30.
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DNA origami is a technique that uses a long ssDNA as a “scaffold” to which a
few hundred shorter “staple” oligonucleotides will hybridize38. A scaffold strand can be
thought to collect its complementary staple strands in a proper stoichiometric amount
resulting in high yields of well-formed nanostructures39. By using larger or multiple
scaffold strands, self-assembled structures of arbitrary shape and size with unique
addressability are possible40. Figure 2.3 shows how additional scaffold strands can be
used to create DNA origami superstructures, although creating such structures remains a
challenge41.
2.2 DNA Origami Tiling
DNA origami using a single, standard m13mp18 scaffold strand is limited to selfassembly of structures of only ~100 nm on edge38, 39. To extend the scale of bottom-up
DNA origami self-assembly, individual structures can be designed such that they will
crystallize and form larger arrays17. This technique, called tiling, is one method to extend
the highly addressable nature of individual DNA origami structures from the domain of a
hundred nanometers on edge to the tens of microns on edge.
2.2.1 Surface-Assisted DNA Origami Tiling
For tiling, solutions of DNA origami structures are prepared with high
concentrations of cations, typically divalent magnesium. The Mg++ ions act to screen the
negatively charged DNA backbone and allow for the formation of complex
nanostructures. These cations can also act as a bridge between self-assembled DNA
origami and a negatively charged surface, such as mica, to bind the structures to the
surface. Monovalent cations like sodium (Na+) also screen the repulsive forces of the
negatively charged DNA and surface but to a lesser degree25. By controlling the cation
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types and concentrations, the surface mobility of origami structures can be tuned such
that individual tiles form large 2D crystals through blunt-end stacking21. The charge
screening effects of the cations are not strong enough to allow larger origami crystallites
to diffuse across the surface, which results in immobile domains, or grains. There is
insufficient energy to anneal out dislocations and so large order polycrystalline array
formation results.
2.2.2 Solution Based DNA Origami Tiling
Where immobility of larger crystallites hinders large-scale growth of 2D origami
single-crystals on a surface, this mobility issue is not present in solution based origami
tiling. A number of single stranded “sticky-ends” are added to the initial origami design,
these sticky-end sequences are programmed to bind to complementary strands on other
origami structures with a controlled orientation. By carefully controlling the temperature,
2D crystal arrays ranging in size from hundreds of nanometers to tens of microns form in
solution17. Strict temperature control is necessary to anneal out grain boundaries between
crystallites without damaging the individual origami structures, which melt at higher
temperatures.
2.2.3 Previous Studies of DNA Thermodynamics and Kinetics
The thermodynamic parameters of tiling of small double crossover tile (DX tile)
monomers show a linear increase in binding energy (∆𝐺° becoming more negative) with
increasing number of sticky-ends per monomer. The binding energy of tiles through
sticky-end hybridization is less than the binding energy of the same sticky-ends without
tiles, suggesting an additional energy penalty associated with monomer tiling.
Furthermore, the kinetic and thermodynamic behaviors of tiles with one or more incorrect
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sticky-ends are comparable to those of tiles with sticky-ends omitted by design. That is,
mismatched sticky-ends do not create an additional energy barrier but behave as is if they
are not present in the monomer during tiling42.
Zenk et al. showed that forward and reverse reaction rates of dimerization of
rectangular origami tiles and the thermodynamic stability of dimer structures are related
to the number and length of sticky-end staple strands available to participate in the
reaction28. The origami design chosen for that work tends to form long, ribbon-like
structures of only a few tiles wide when allowed to crystallize indefinitely. This tiling
behavior is common for systems with origami monomers that have only a single helical
direction, which preferentially crystallizes parallel to that direction and is not ideal for 2D
array formation.

8

Figure 2.1. Example of the self-assembly of complex 3D structures from unique
oligos. A) A single ssDNA “brick”. B) Schematic of the hybridization between two
complimentary bricks. C) A model of the helical structure within a 3D brick
structure. Individual unique strands are represented by different colors. D) A Legolike model of 3D brick assembly. E,F) Mixing and/or omitting individual components
of a 3D canvas during assembly result in specific complex structures. Figure
borrowed from reference 37.
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Figure 2.2. Schematics and AFM images of small dsDNA tiles and the 2D arrays
formed by their self-assembly. (a) A two tile system forming an unrestricted 2D array.
(b) Two systems of unique tiles designed with specific binding regions to form the two
different structures shown in the AFM image. (c) A large, complex 2D binary counter
ribbon self-assembled from a system of dsDNA tiles. Figured borrowed from
reference 30.
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Figure 2.3. Schematic of a multi-scaffold “origami of origami”. Individual DNA
origami tiles (top left) and scaffold frameworks (top right) are folded independently
using different scaffold and staple strands. When the tiles and frameworks are
combined in solution they form a pre-determined superstructure. Figure borrowed
from reference 40.
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CHAPTER THREE: EXPERIMENTAL METHODS
Described herein are the methods and procedures for the design, assembly,
purification, and characterization of the DNA origami tiles used in this study, the kinetic
experiments, and the controls used to verify the experimental design.
3.1 DNA Origami and Duplex
The DNA origami design chosen for this study is shown in Figure A.1 and is a cross
tile structure with two helical directions oriented 90° relative to each other with the upper
portion stacked vertically on the lower portion. These tiles form large 2D crystals in
solution as demonstrated by Liu et al17. Modifications where made to Liu’s original tile
design to account for sequence mismatches, create a dynamic fluorescence monitoring
system, and to limit the formation of higher order structures when such structures are not
desired. Additionally, a duplex structure was created to validate fluorescent signal
quenching with sticky-end hybridization.
3.1.1 DNA Cross-Tile Design
The scaffold consists of a single-stranded m13mp18 genome with 7,249 nt. 177 staple
strands define the body of the DNA origami cross tile (Table A.1). To reduce the effect of
the inherent curvature of the structure on 2D crystal formation, two independent versions
of the cross tile were synthesized and are referred to as A-Tile and B-Tile. Each tile
species contains 24 unique edge staples located at the edge of each tile arm. The helical
orientation of the top portion of the B-Tile (2’) is oriented 90° clockwise to the helical
orientation of the top domain of the A-Tile (1) as seen in Figure 3.1.
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3.1.2 DNA Cross-Tile Design Modification for Array Formation
When a tile arm is “active” the six edge staple strands are extended to create eight
sticky-ends with a length of five bases. The sequences of the sticky-ends are designed to
be complementary to the sticky-ends extending from the tile arm on the corresponding
tile species. Inactive tile arms have edge staples extended with eight poly-T blocking
strands, these blocking strands inhibit blunt-end stacking of tiles to prevent non-specific
binding events. Active tile arms create hybridization interfaces that allow the A-Tile and
B-Tile to hybridize together to form a higher order structure, the size of which can be
controlled by the deactivation of other tile arms on the monomers.
Four different array configurations where designed for this study and schematics of
each can be seen in Figure 3.2. The hybridization interfaces of 1-1’ and 2-2’ where
studied separately. By activating only one tile arm of either the 1-1’ or 2-2’ arms on each
monomer and deactivating the other three arms, the result of array formation is a dimer
consisting of one A-Tile and one B-Tile. When one arm of each the 1-1’ and 2-2’ on each
cross-tile is active, the final array structures formed are a 2x2. The final structure
designed for this study was the case where all four tile arms on each cross-tile are active
and unbounded (UB) arrays can form. The sequences of the edge staples are modified
based on the desired array architecture. Tables A.2 through A.9 list the edge strands and
sequences in both the A-Tile and B-Tile for each of the four array designs.
3.1.3 Edge Staple Modifications for Dynamic Fluorescence Monitoring
Two of the SEs on each active tile arm were designed with chemical modifications.
One strand contains an internal Cy5™ fluorophore (648 nm excitation, 668 nm emission,
reported) and the other is end terminated with an Iowa Black® RQ (500 to 700 nm
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absorbance range, 656 nm peak absorbance, reported). The sticky-ends chosen for these
modifications are such that the Cy5 modified strand on the A-Tile is complementary to
the Iowa Black RQ strand on the B-Tile and when the two strands hybridize, the emission
of the fluorophore is absorbed by the quencher and the observed fluorescence signal from
the solution decreases. The separation of the dye and quencher on a single tile arm is
large enough that tile arms cannot self-quench. Figure 3.3 shows the schematic for the
active tile arms for the A-Tile and B-Tile, including the chemical modifications, both
before and after hybridization of the two tile species.
A simple DNA duplex was designed to validate the quenching of the fluorescent
signal when the chemically modified sticky-ends hybridize. Three oligonucleotides
hybridize to form a double helix with an identical sequence to one of the chemically
modified binding sites of the dimer. The duplex consists of the CO-A-R1-RQ quencher
strand, an extended version of the CO-B-L1-Cy5 dye strand, and a CO-B-L1
complementary strand. The sequences of the complementary strand and the extension of
the dye strand are such that they mimic the corresponding section of the scaffold strands
in the origami cross-tiles to which the dye and quencher strands hybridize, as seen in
Figure 3.5.
3.1.4 DNA Cross-Tile Synthesis
The A-Tile and B-Tile monomers were synthesized separately under identical
conditions. M13mp18 scaffold strands and body and edge staple strands were mixed in a
solution of 0.5X TBE and 12.5 mM MgCl2 in a ratio of 5:10:1 body staples to edge
staples to scaffold strands. The strands were annealed according the protocol outlined in
Table A.4. Annealed tile solutions were gel purified in a 0.8% agarose gel prepared with
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0.5X TBE, 8 mM MgCl2 for 90 minutes at room temperature with a driving voltage of 70
V. Excess staple strands travel farther in the gel than well-formed origami structures
which themselves travel farther than large DNA agglomerates. The origami band was
extracted from the gel and squeezed between two glass slides to recover the DNA crosstiles in an Eppendorf centrifuge tube. Origami structures were stored in the dark at room
temperature in a solution of 0.5X TBE with 8 mM MgCl2.
3.1.5 DNA Cross-Tile Concentration Measurement
DNA origami solution concentrations were determined by obtaining the absorbance
of the solution at 260 nm and solving the Beer-Lambert Equation for concentration, c
A

c = ε∗b

(1)

where A is the photon absorbance, b is the path length, and ε is the extinction coefficient
for the origami structure. The origami extinction coefficient was calculated by the
summation of the extinction coefficients for the dsDNA and ssDNA portions of the
origami cross-tile with the extinction coefficients of the Cy5 fluorophores and Iowa
Black RQ quenchers in each structure. Absorbance measurements were acquired using a
NanoDrop One (Thermo Scientific), b = 1 cm, with the absorbance of 0.5X TBE with 8
mM MgCl2 as a baseline. For each solution, an average of five measurements was used
for the value of A in (1).
3.2 DNA Melting
Melting of the DNA origami cross-tile and array structure was monitored by
measuring spectroscopic changes of the solution as temperature (T) was incrementally
increased. Solutions were outgassed in a vacuum centrifuge for 20 minutes prior to
melting experiments to prevent bubble formation in the samples at higher temperatures.
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3.2.1 DNA Cross-Tile Melting
Melting of the DNA origami cross-tile was done in a Cary 5000 UV-Vis-IR
Absorbance Spectrometer with a Peltier heater/cooler sample block in a Starna Cell
Spectrophotometer Sub-Micro cuvette. The absorbance of a sample of 0.5X TBE, 8 mM
MgCl2 was used to establish a baseline measurement for the instrument prior to
performing the melting. A gel-purified solution of the A-Tile ([MgCl2] = 8 mM) was
placed in the block and the temperature was increased from 20 °C to 80 °C at a rate of 0.1
°C/min while monitoring the absorbance of the solution at 260 nm.
3.2.2 Array Structure Melting
Melting of array structures was carried out in a Cary 5000 Agilent Fluorometer
with a multi-cell Peltier heater/cooler block in a Starna Cell Fluorometer Sub-Micro
cuvette. A-Tile and B-Tile solutions were mixed in equal concentrations (1 nM) and
annealed at room temperature for at least 24 hours in 0.5X TBE, 8 mM MgCl2 to allow
the monomers to fully form arrays. The solution was then placed into the block at 10 °C
for 30 minutes to allow the solution to reach equilibrium with the block temperature
before beginning measurements. The block temperature was increased from 10 °C to 50
°C (60 °C for the unbounded array structures) at a rate of 0.1 °C/min while exciting the
sample at 645 nm and monitoring the fluorescence signal at 670 nm. The fluorescence
signal of A-Tile alone under identical conditions was collected to assess the signal
response of the dye as a function of temperature.
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3.3 Kinetics Measurements
Kinetic reaction rates were measured by monitoring the drop in the fluorescence over
time of solutions containing dye strands and complementary quencher strands or of ATiles and B-Tiles at various temperatures and in different buffer conditions.
3.3.1 Temperature Dependent Kinetics Measurements
Temperature dependent kinetics measurements where performed with a Cary 5000
Agilent Fluorometer with a multi-cell Peltier heater/cooler block using tile solutions with
[MgCl2] = 8 mM. Initial experimentation showed no significant difference in reaction
rates between injecting B-Tile into A-Tile or vice versa. For optimal signal, the dye was
excited at 650 nm and the emission was collected at 675 nm. 60 µL of A-Tile (or B-Tile)
buffer solution was loaded into quartz fluorometer cuvettes (Starna,16.40F-Q-10/Z15)
and placed in the block along with the injecting solution 20 minutes prior to beginning
data collection so that each could reach equilibrium temperature before the experiment
began. A baseline fluorescence signal was acquired of the single A-Tile (B-Tile) solution
before a small volume of higher concentration B-Tile (A-Tile) solution was injected into
the cuvette at t = 0. The concentrations of A-Tile and B-Tile at t = 0 was 1 ± 0.01 nM for
all reactions.
3.3.2 Magnesium Concentration Dependent Kinetics Measurements
Magnesium concentration dependent kinetics were performed with the block
temperature holding at 20 °C and followed the same procedure as the temperature
dependent kinetics measurements outlined above with a few notable differences. Baseline
fluorescent measurements were collected immediately after loading the solution into the
cuvette and the injecting solution was at equilibrium with lab ambient temperature (20
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°C). MgCl2 concentration of initial solutions were such that dilution upon injection
brought the [MgCl2] to the desired level.
3.4 Atomic Force Microscopy
Samples were taken from solutions during kinetic experiments. Sample solutions
where deposited on freshly cleaved mica and incubated for 4 minutes in a humid
environment to discourage sample evaporation. Samples were then rinsed with filtered
water and immediately dried with nitrogen (N2) gas. AFM characterization was
performed on a Bruker MultiMode 8 SPM with Nanoscope Controller in tapping mode
using a silicon nitride probe (nominal tip radius of 2 nm). Post processing of AFM
images was performed using WSxM Scanning Probe Microscopy Software43.

Figure 3.1. Diagram of A-Tile and B-Tile after folding. The B-Tile is oriented 90°
clockwise relative to the A-Tile as defined by the hybridization interfaces 1, 2, 1’, and
2’. The sticky-end sequences are designed so that 1 and 2 are complementary only to
1’ and 2’ respectively. This creates two-fold symmetry in the cross-tiles when all four
tile arms are active.
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Figure 3.2. Schematics of the four array structures studied. (a, b) Activating one
tile arm of either the 1-1' or 2-2' hybridization interfaces on each tile creates two
unique dimer structures. (c) Activating one set of the 1-1' and 2-2' interfaces creates
a 2x2 array. (d) Activating all four interfaces of each tile results in an unbounded
array.
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Figure 3.3. Schematic of a hybridization interface a) before and b) after
hybridization. Two sticky-ends (red) on each tile arm are modified with either a
fluorophore (gold star) or quencher (black circle). After hybridization, fluorescence
from the tile arm is largly quenched which enables monitoring of array formation by
fluorescence.

20

CHAPTER FOUR: RESULTS AND DISCUSSION
To gain a greater understanding of the underlying parameters of 2D DNA origami
crystallization, simplified systems of origami cross-tile tiling structures were studied
along with the unbounded array system. The modifications to the cross-tile design from
Liu et al. described in the previous chapter limit the binding between tile species in a
reaction to form one of the four array structures used in this study. Thermodynamic and
kinetic parameters of these array structures where measured.
4.1 Validation of Design and Methods
To verify that the DNA strand hybridization between the A-Tile and B-Tile can be
monitored by fluorescence quenching, and that this quenching assay is an accurate
measure of structure formation, two proof-of-concept experiments were performed. First,
a measurement of fluorescence over time for a dye labelled ssDNA and complimentary
quencher labelled ssDNA reaction and second, a correlated AFM assay and fluorescence
over time measurement of an A+B → AB dimer reaction.
4.1.1 Fluorescence Quenching of the Simple Duplex Hybridization
A solution of 5 nM CO-B-L1-Cy5-Ext dye strand and CO-B-L1-comp strand was
prepared in 0.5X TBE, 8 mM MgCl2 and given sufficient time to hybridize (>24 hrs).
The hybridization of these two strands is not meant to affect the fluorescence of the Cy5
fluorophore on the dye modified strand but only to provide rigidity to the duplex. The
fluorescent signal of the partially complete duplex was monitored for 5 minutes without
observing a significant change in signal. At t = 0, a small volume of a high concentration
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CO-A-R1-RQ quencher strand solution was injected into the dye/complementary strand
solution bringing the final concentration of each component strand to 4.75 nM. An
immediate drop in fluorescence signal was observed upon and as a consequence of
injection. The decrease fluorescence over time for simple DNA duplex hybridization of
ssDNAA + ssDNAB → dsDNAAB can be modeled by the second-order kinetics rate law
𝐹(𝑡) =

(𝐹𝑚𝑎𝑥 −𝐹𝑚𝑖𝑛 )(1−
[𝐵]

1−[𝐴]0 𝑒
0

[𝐵]0
)
[𝐴]0

[𝐵]
−𝑘[𝐴]0 (1− 0 )(𝑡−𝑡0 )
[𝐴]0

+ 𝐹𝑚𝑖𝑛

(2)

where Fmax is the measured maximum fluorescence of the solution at injection, Fmin is the
final fluorescence, [A]0 and [B]0 are the initial concentrations of the ssDNA component
strands at injection, k is the rate constant, and t0 is the injection time of the second
strand44. Due to errors when pipetting, initial concentrations [A]0 and [B]0 are not equal
in experimentation. Fitting the fluorescent data with this equation using k and Fmin as
fitting parameters and holding all other quantities fixed allows one to extract the effective
reaction rate kon. Applying this fit to the fluorescence data of the simple duplex
hybridization at [DNA] = 4.75 ± 0.01 nM gives us a value of kon = 1.43 × 106 M-1s-1
which is in agreement with published values for oligonucleotide hybridization reaction
rates45, 46. The data for the simple duplex hybridization and the fit of Equation (2) can be
seen in Figure 4.1 and validates the spectroscopic method of monitoring DNA
hybridization.
4.1.2 Fluorescent Signal Quenching as a Result of Dimer Formation
To confirm that the change in fluorescence signal in a solution of A-Tiles and BTiles is an adequate proxy for directly measuring the hybridization of tiles, a series of
AFM samples were prepared from solution pulled from an ongoing dimer reaction while
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simultaneously measuring the reaction kinetics. With only one species of cross-tile
present in solution before injection of the complementary tile type, we see in Figure 4.2
(a) that the tiles exist almost entirely in monomer form indicating that tiles do not selfhybridize by design. Figure 4.2 (b) shows the tiles at injection, t = 0. We see that the two
tile species are mostly present in monomer form as they have not had sufficient time to
hybridize. We define the fluorescence at t = 0 as the maximum fluorescence (Fmax). The
sample prepared at t = 1500 s (Figure 4.2 (c)) shows that 30% of the countable tiles have
formed dimers while the fluorescence signal is ~0.7 Fmax. The final sample was prepared
at t < 14,000 s after the majority of the reaction had progressed. As seen in Figure 4.2 (d),
the percentage of tiles forming dimers is 70% of the countable tiles while the measured
fluorescence is ~0.3 Fmax. The correlation between the percentage of Fmax at a certain time
with the percentage of tiles that have hybridized at that time suggests that the method of
using fluorescence signal as a proxy for monitoring hybridization is valid.
A small percentage of tiles were considered uncountable due to either their
location at the edge of the image where all four arms were not in the field of view or
because it was impossible to conclude if they were dimerized with a neighboring tile or
not. The origami structures in the final AFM sample appear to be slightly degraded
compared to the previous three samples. A number of factors could contribute to this, the
quality of the mica cleave, the charge distribution on the surface, degradation of the
origami from repeated pipette mixing while preparing samples, etc. It is important to note
that in all of the atomic force micrographs captured, no structure comprised of more than
two individual tiles was observed.
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4.2 Thermodynamic Parameters of Array Structures and Monomers
Two separate spectroscopic approaches were utilized to perform melting curves of
the individual cross-tile and of the origami dimer structures. From these curves, the
melting temperature (Tm), enthalpy (∆𝐻°𝑉𝐻 ), entropy (∆𝑆°), and energy of formation
(∆𝐺° 𝑇 ) were calculated. The melting temperature is defined as the temperature at which
half of the base components of the system have disassociated from their natural state. For
dimers, this is the temperature at which half of the initial dimer structures have separated
into two individual tiles and for the individual cross-tile it is the temperature at which
half of the staple strands have completely broken their base pair bonds and are free in
solution. The melting temperature for an 2x2 cross-tile array is the temperature at which
two of the four hybridization interfaces in the array have dissociated. Here we will define
the melting temperature of an unbounded array as the temperature where half of the
hybridization interfaces in the interior of the unbounded array have dissociated.
4.2.1 Determining Melting Temperature of DNA Origami Cross-Tile
The absorbance of 260 nm wavelength UV light of a solution of ssDNA is greater
than that of the same solution where the DNA exists as dsDNA. For this reason, as staple
strands begin to dissociate from the scaffold, the absorption of 260 nm light in the
solution increases47. Using the method outlined by Mergny et al. on the data collected
from the melting experiment outlined in Section 3.2.1, upper and lower baselines for the
absorbance260nm versus temperature curve were produced by applying a linear fit to either
extremes of the curve, shown in Figure 4.348. Using these two baselines, upper and lower
endpoints for a median line were established by finding the midpoint between the lower
baseline and upper baseline values at two temperature extremes, 0 °C and 90 °C in this
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case. Tm is taken to be the point on the midline defined by these two endpoint which
intersects the measured data. Tm for the origami cross-tile monomer is measured at 52.5
°C.
4.2.2 Melting Temperature of DNA Origami Array Structures
Fluorescence data from the melting experiment outlined in Section 3.2.2 showed
an increase in signal for origami array solutions with increasing temperature. This
increase is due to the separation of arrays into their component cross-tiles. Measuring the
fluorescence of the A-Tile monomer solution vs T showed that the signal from the Cy5
modified dye strand is temperature dependent as seen in Figure 4.4 (a). A linear fit of the
decrease in signal with increasing temperature allows one to correct for the decreasing
dye signal by dividing the linear best fit line of the single tile fluorescence curve from the
measured array data.
Figure 4.5 shows the corrected and analyzed melting curves for all four array
structures. The measured melting temperatures are 31.6 °C and 33.6 °C for the 1-1’ and
2-2’ dimer respectively, 36.8 °C for the 2x2 array, and 45.8 °C for the UB array. In
general, the melting temperatures increase with the number of active tile arms per
monomer. From our four designs, we determined that the melting temperature increases
0.55 °C per active arm. This relationship suggests that hybridization interfaces work
cooperatively with each other rather than independently. Both the 1-1’ and 2-2’ interfaces
are identical in SE number and length but not in the sequences of component SEs. We
observed a 2 °C difference in Tm between the 2-2’ and 1-1’ interfaces with the 2-2’
interface being more thermally stable. In the case of the UB array structure, the lower
linear region of the melting curve spans a temperature range from 10 °C to 35 °C. The
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exact nature of this large linear area is presently unknown but may be a result of the
dissociation of tiles on the exterior of arrays or out-of-plane hybridization defects which
are bound by only one or two tile arms. Beyond 35 °C the curve follows a normal melting
curve shape which may be described as the dissociation of all the interior tiles in a UB
array.
4.2.3 Enthalpy, Entropy, and Gibb’s Free Energy of Arrays
In addition to Tm, the components of the Gibb’s free energy equation can be
extracted from a melting curve. Using the method described by Marky and Breslauer, the
van’t Hoff enthalpy can be expressed as
δα

∆HVH = (2 + 2n)RTm 2 (dT)T=Tm ,

(3)

where n is the molecularity of the reaction and α is the percentage of monomers in a
hybridized state49. The entropy can then be calculated from
∆𝑆 =

∆𝐻
𝑇𝑚

𝐶

− 𝑅𝑙𝑛( 𝑇 ),
4

(4)

where R is the universal gas constant and CT is the cross-tile concentration. Using the
Gibb’s free energy equation,
∆𝐺𝑇 = ∆𝐻𝑉𝐻 − 𝑇∆𝑆,

(5)

the energy of formation at a given temperature can be calculated for each of the four
array structures. The molecularity of each reaction A-Tile + B-Tile = Array is n = 2.
∆𝐺°293 of the 1-1’ and 2-2’ dimers were found to be -15.6 ± 0.8 and -15.7 ± 0.8 kcal mol1

respectively, consistent with published values for similar DNA hybridization

interfaces28, 50, and 17.2 ± 0.5 and -28.0 ± 1.3 kcal mol-1 for the 2x2 and UB arrays. All of
the calculated thermodynamic parameters are provided in Table 4.1.
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4.3 Effects of Buffer Solution Conditions on Dimer Formation Rates
To gain an elementary understanding of the underlying kinetics of DNA cross-tile
array formation, a number of reactions were monitored under various buffer conditions.
Parameters of focus were buffer solution temperature and magnesium concentration. All
kinetic experiments were performed in triplicate with the exception of the 50 mM [Mg]
buffer reaction, which was only performed twice due to lack of adequate sample volume.
4.3.1 Temperature Dependence of Array Formation
A second order fit of the fluorescence data from the reaction A-Tile + B-Tile →
AB Array at various temperatures shows that keff is temperature dependent for all
structures with an increasing reaction rate with increasing temperature. Figure 4.6 shows
keff versus temperature for all four array structures. With the exception of the 2-2’ dimer,
we see a deviation from Arrhenius behavior in all the structures at higher temperatures. A
possible explanation for the deviation from an Arrhenius relationship is the temperature
dependence of koff. In the case of the 1-1’ dimer at 10 °C our calculated ∆𝐺°10 ℃ = -18.0
𝑘

kcal mol-1 and the rate constant 𝐾 = 𝑘 𝑜𝑛 × 1 𝑀 = 𝑒 (
𝑜𝑓𝑓

−∆𝐺°
)
𝑅𝑇

= 7.4 × 1013 . Assuming that

kon >> koff then keff ≈ kon = 1.7 × 105 mol-1 s-1 and koff ≈ 2.4 × 10−9 s-1. At 30 °C the off
rate is 8.1 × 10−5 s-1. This 104 increase in koff suggests that the reaction deviates from
second order kinetics at higher temperatures. The departure from Arrhenius behavior in
the two higher order structures suggests that the 1-1’ hybridization interface is the ratelimiting step in array formation. Table 4.2 contains all the kinetic parameters measured
and calculated for each of the four array structures. Values for the kinetic parameters of
UB arrays are presented although the method used to calculate ∆𝐺𝑇 , and therefore K and
koff, is valid only under the assumption the reaction is a two-state process. The shape of
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the melting curve suggests that this assumption may not hold in the case of the UB array
and another method of calculating ∆𝐺𝑇 may be necessary.
4.3.2 Effect of Magnesium Concentration on Dimer Formation
The reaction rate of DNA cross-tile hybridization can be controlled by changing
the concentration of magnesium in the buffer solution. The divalent salt cation acts to
screen the negative charges of the origami structures and reduces the energy barrier to
dimer formation. Figure 4.7 shows how kon at 20 °C increases with increasing [Mg] and
begins to saturate at around 4×106 M-1 s-1. By modeling each origami cross-tile as an
oblate spheroid in water with a long semi-axis of 50 nm (the length from the center of the
tile to the edge of an arm) and short semi-axis of 1 nm (1/2 the thickness of the tile), one
obtains for the diffusion coefficient of each cross-tile a value of 6.66×10-12 m2/s at 20
°C51. This value is in agreement with published diffusion coefficients for DNA origami
structures52-54. The diffusion limited reaction rate is represented by the dotted line in
Figure 4.7 and is calculated by
𝑘𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 = 4𝜋(𝐷𝑇𝑖𝑙𝑒 𝐴 + 𝐷𝑇𝑖𝑙𝑒 𝐵 ) ∗ 𝑅,

(6)

where DA-Tile and DB-Tile are the diffusion coefficients of A-Tile and B-Tile respectively
and R is reaction volume. kdiffusion = 1.66×108 M-1 s-1. This high value indicates that the
observed saturation of the reaction rate constant is related to sticky-end hybridization
rather than diffusion.
4.4 Sedimentation of Unbound Arrays
Large 2D array formation is restricted by sedimentation of structures over time.
The fluorescence during kinetic experiments with the unbound array structures exhibited
an unusual increase in signal after three hours post injection. The increase in signal was
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not a result of evaporation and AFM samples prepared after this amount of time where
completely devoid of any DNA. To investigate this issue, the real space fluorescence of a
well-mixed unbounded array solution was monitored over time. Figure 4.8 shows a time
lapse of the fluorescence of solutions of individual cross-tiles, dimers, and unbound
arrays. The unbound array sample showed significant precipitation of the DNA out of
solution in only a few hours. None of the smaller structures displayed this sedimentation
behavior during the same amount of time. The time scale of this sedimentation is much
less than traditional array annealing protocols, which suggests that once arrays reach a
certain size in stationary solutions, they will fall out of solution and may no longer have
the ability to grow or anneal out defects. Figure 4.9 shows an AFM image of a sample
taken from the bottom of a centrifuge tube containing a UB array solution. Previous
samples prepared from the middle of this solution did not contain any observed tiles in
AFM.
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Figure 4.1. Fluorescence Intensity vs Time of a solution of CO-B-L1-Cy5-Ext dye
strand and CO-B-L1-comp before and after the injection of the CO-A-R1-RQ stand.
The initial fluorescence of the dye/complementary strand solution at [DNA] = 5 nM
was measured for 300 seconds to establish a pre-injection fluorescence value. At t =
300 s, the quencher strand was added to the solution, bringing the [DNA] to 4.75 nM.
Applying this dilution factor to the pre-injection fluorescence measurement provided
an initial fluorescence parameter for our second order reaction fit. The calculated
association rate for this simple duplex reaction is kon = 1.43 × 106 M-1s-1.
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Figure 4.2. AFM images, the corresponding fluorescence value of the solution, and
the count of cross-tiles as monomers and dimers of samples prepared at sequential
time intervals (red arrows) from a 2-2’ dimer formation reaction. a) Before injection
only one tile species is present in solution. A pre-injection fluorescence value is
measured at [DNA] = 1 nM and all the cross-tiles present in AFM exist as monomers.
b) At injection (t = 0), the fluorescence of the solution with [DNA] = 2 nM has jumped
due to the increase in the number of cross-tile monomers present. This fluorescence
value is taken as the initial fluorescent parameter for the second order reaction fit.
AFM shows that over 99% of the cross-tiles present exist in monomer form as there
has been insufficient time for dimer formation to occur. c) At t = 25 minutes the total
fluorescence of the solution has decreased to 70% of its initial value. Concurrently,
AFM images show that ~30% of the cross-tiles have dimerized. d) At t = 240 minutes
the total fluorescence has decreased to 30% of the initial value and 70% of the crosstiles in AFM have dimerized.
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Figure 4.3. Cross-Tile Melting Curve. The absorbance of 260 nm light vs
temperature of a 5 nM sample of A-Tile monomers. Upper and lower baseline
equations are established from the linear regions of the curve at either temperature
extremes. From the two baselines, a median line can be defined and Tm is defined as
the temperature at which the median line crosses the measured data48. The melting
temperature of the A-Tile is measured at 52.5 °C. Since the B-Tile differs from the ATile by only 24 unique edge strands, this is taken to be the melting temperature of
both monomers.
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Figure 4.4. The effect of temperature on fluorescence of the dye strand on the
cross-tile monomers. a) The raw melting curve data of an A-Tile monomer solution.
The shape of the monomer solution curve indicates that as temperature increases, the
base fluorescence signal of the dye labelled cross-tiles decreases. To correct for this
effect, the linear fit line of the monomer curve was from the monomer. b) The
resulting corrected melting curve accounting for the temperature dependence of the
fluorescence signal. The monomer solution fluorescence is consistent over the entire
temperature range. All array melting curves were normalized using this method with
the linear fit lines coming from their own component single tiles.
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Figure 4.5. The schematics, melting temperatures, and analyzed temperature
dependent fluorescence corrected melting curves for all a) the 1-1’ dimer, b) the 2-2’
dimer, c) 2x2 array, and d) the unbounded array structures. As the number of active
tile arms per monomer increases, the melting temperature of the resultant array
structures increases. Empirically, the increase in melting temperature is 0.56 °C per
sticky-end (8 sticky-ends per active tile arm).
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Figure 4.6. The measured association rates of the four structures as a function of
temperature. In general, all the structures see an increase in association rate with
increasing temperature. In addition, the association rate increases with an increase in
active tile arms per monomer with the unbounded array showing a significant
increase in association rate over the three restricted array size designs.
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Figure 4.7. The buffer magnesium concentration dependence of the 2-2’ dimer
association rate. As the [Mg++] increases, the association rate increases as well. The
association rate can be increased by nearly an order of magnitude with just over a
six-fold increase in [Mg++]. While the association rate can be significantly increased,
it appears to saturate at 5 × 106 M-1 s-1 which is still two orders of magnitude below
the calculated diffusion limited association rate for these structures (dotted line).
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Figure 4.8. Time Lapse of the fluorescence of solutions containing (a) monomer
cross-tiles, (b) 2-2’ Dimers, and (c) unbound arrays. The monomers and smaller array
structures remain suspended in solution for extended time periods but in the case of
the unbounded arrays, sedimentation of structures is observed in as little as six hours.
At 12 hours, the top of the buffer solution is significantly depleted of structures and a
second sedimentation ring has begun to form below the first. After 18 hours the upper
portion of the solution contains almost no fluorescent origami structures as both
sedimentation rings continue to grow.
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Figure 4.9. AFM image of structures in a sedimentation ring of an unbound array
sample. The small domains of single-crystal origami cross-tile arrays in the
polycrystalline aggregate suggest that the arrays reach some critical size before
precipitating out of solution and creating areas of high local origami concentration.
Arrays in these areas encounter each other at non-ideal angles and do not have
enough mobility to undergo reorientation.
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Table 4.1.

Calculated Thermodynamic Parameters of Array Formation
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Table 4.2.

Measured and Calculated Kinetic Parameters of Array Formation
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CHAPTER FIVE: CONCLUSIONS
Dimer formation is unlikely to occur at temperatures above 35 °C in buffer
solutions with 8 mM [Mg++]. At these temperatures, the kinetic energy of the system is
great enough to break the 8x5 bp bonds between A-Tile and B-Tile. As temperatures
increase to 52 °C and above, the individual cross-tiles disassociate into their component
scaffold and staple stands. Establishing these critical temperatures is the first step in
optimizing an annealing program to form large, defect free 2D DNA origami crystals.
When attempting to form large arrays in 8 mM [Mg++], it is critical to avoid
heating the solution above 52 °C as this will damage the individual tiles, possibly in a
way that makes array formation improbable. At temperatures lower than 35 °C, tiles
bound by only a single arm are stable in solution and each tile becomes a nucleation site.
Growth of larger, low defect arrays in this condition is improbable. At temperatures near
the unbounded array Tm, formation of nuclei will be slow as tiles bound by less than 4
arms will be unstable in solution.
The growth phase of 2D crystal formation may be accelerated by cyclic
fluctuation of temperature between the critical temperatures of lower order array
formation. While growth of arrays near the unbounded array melting temperature may
occur with low defects, the process is kinetically slow. By lowering the temperature,
binding events between fewer than 4 arms per tile are stable and growth will accelerate,
although with the potential for more defects. After a period of time in this accelerated
growth range, the temperature could be raised to near the unbounded array melting
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temperature. This would cause tiles bound unfavorabley to arrays to disassociate, leaving
only low defect crystals in solution. Further study of nucleation and growth within this
critical temperature range is necessary to establish robust protocols for cross-tile array
formation.
Reaction rates can be controlled simply by adjusting buffer conditions. Previous
work on DNA dimerization kinetics showed that reaction rates can be tuned by adjusting
the length, rigidity, and number of linkers between origami structures28. This method of
control occurs in the design phase determines the baseline reaction rates for dimerization.
For in-situ adjustment of reaction rates, varying the temperature and magnesium
concentration of the buffer solution results in deviations from the baseline reaction rate
determined by the design. Such dynamic control of reaction rates provides a useful
control mechanism for forming large arrays, both in solution and through surface
mediation. For example, during the nucleation phase of 2D crystal growth, it may be
desirable to retard the rate of reaction so that a small number of nuclei are present and
resulting arrays will have low poly-crystallinity. Once the reaction enters the growth
phase, the rate can be increased to rapidly grow single domain 2D arrays and eventually
suppressed to control array size. A greater understanding of how higher order structures
respond to changes in buffer conditions is needed to fully understand unrestricted 2D
DNA origami crystal formation. Future work on investigating DNA origami cross-tile
dimerization includes studying the effects of buffer pH and monovalent cation
concentration on reaction rates.
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APPENDIX A

46
DNA Origami Cross-Tile and DNA Duplex Designs

Figure A.1. Design schematic of DNA cross-tiles (A, B) from caDNAno. The two
helical portion (Upper, Lower) of each cross-tile are achieved by rastering the single
stranded m13mp18 scaffold strand (blue) parallel to the long axis of each domain.
Short staple body stands (green) bind to specific sections of the scaffold strand to fold
the scaffold and pin it in place. Staple strands in the middle of the cross-tile (denoted
by red ‘xx’) bind to both helical domains in such a way that the two domains are held
perpendicular to each other. Edge staple strands (red) have eight five base-pair single
strands, sticky-ends, extending from the cross-tile arms.

47

Figure A.2. Schematic and sequence design of a) the hybridization of one set of
complementary sticky-ends on the 2-2’ hybridization interface and b) the simple
duplex structure used to verify the fluorescence quenching assay technique. For
stability in the duplex structure, the CO-B-L1-Cy5 strand is extended (CO-B-L1-Cy5Ext) on the 5’ end and the CO-B-L1_comp strand is added as a proxy for the portion
of the scaffold strand (blue) complementary to the CO-A-R1-RQ and CO-B-L1-Cy5
staples respectively. The result after mixing the three strands is a fluorescence
quenched double helix that is 69 base-pairs long.
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APPENDIX B

49
Kinetics Reaction Curves and 2nd Order Rate Fits

Figure A.3. Kinetic measurements (black line) and the 2nd order kinetic rate fit (red
line) for each of the four array structures at 10 ˚C, 15 ˚C, 20 ˚C, 25 ˚C, and 30 ˚C. The
R2 values for all fits are > 0.98.
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APPENDIX C

51
DNA Origami Cross-Tile Staple Lists
Table A.1.
Name

CO-M-1
CO-M-2
CO-M-3
CO-M-4
CO-M-5
CO-M-6
CO-M-7
CO-M-8
CO-M-9 [c]
CO-M-10
CO-M-11 [c]
CO-M-12
CO-M-13
CO-M-14
CO-M-15
CO-M-16
CO-M-17
CO-M-18
CO-M-19
CO-M-20
CO-M-21
CO-M-22
CO-M-23
CO-M-24
CO-M-25
CO-M-26
CO-M-27
CO-M-28
CO-M-29
CO-M-31
CO-M-32
CO-M-33
CO-M-35
CO-M-36
CO-M-37
CO-M-39
CO-M-42
CO-M-43
CO-M-44
CO-M-45

Cross Tile Body Staple Sequences
Sequence

AGCTAATGCAGAACGCGCCTGTTTTAATATCC
CATCCTAATTTGAAGCCTTAAATCTTTTATCC
TGAATCTTGAGAGATAACCCACAAAACAATGA
AATAGCAATAGATGGGCGCATCGTACCGTATC
GGCCTCAGCTTGCATGCCTGCAGGGAATTCGT
AATCATGGTGGTTTTTCTTTTCACCCGCCTGG
CCCTGAGAGAGTTGCAGCAAGCGGGTATTGGG
CGCCAGGGTCATAGCTGTTTCCTGGACGGCCA
GTGCCAAGGAAGATCGCACTCCAGATAGGTCA
CGTTGGTGTAGCTATCTTACCGAATTGAGCGC
TAATATCAACCAACGCTAACGAGCCCGACTTG
CGGGAGGTTTTACGAGCATGTAGAACATGTTC
CTGTCCAGACGACGACAATAAACAAACCAATC
AATAATCGCGTTTTAGCGAACCTCGTCTTTCC
AGAGCCTACAAAGTCAGAGGGTAAGCCCTTTT
TAAGAAAAGATTGACCGTAATGGGCCAGCTTT
CCGGCACCCACGACGTTGTAAAACTGTGAAAT
TGTTATCCGGGAGAGGCGGTTTGCTCCACGCT
GGTTTGCCCCAGCAGGCGAAAATCAATCGGCC
AACGCGCGGCTCACAATTCCACACCCAGGGTT
TTCCCAGTGCTTCTGGTGCCGGAAGTGGGAAC
AAACGGCGGTAAGCAGATAGCCGAAACTGAAC
ACCCTGAAATTTGCCAGTTACAAATTCTAAGA
ACGCGAGGGCTGTCTTTCCTTATCAAGTAATT
AATATAAAGTACCGACAAAAGGTAATTCCAAG
AACGGGTAGAAGGCTTATCCGGTAATAAACAG
CCATATTAATTAGACGGGAGAATTACAAAGTTACC
GTCGGATTCTCCACCAGGCA
AAGCGCCAATTAAGTTGGGTAACGAACATACG
CCTGTCGTGCATAAAGTGTAAAGCGATGTGCT
GCAAGGCGTTCGCCATTCAGGCTGCGCAACTG
GGAAGCGCTTTATCCCAATCCAAAAAGCAAAT
AGGCATTTTCGAGCCAGTACTCATCG
AGAACAAGTACCGCGCCCAATAGCTAAGAAAC
GATTTTTTACAGAGAGAATAACATAAAAACAG
CCTAATGAACTGCCCGCTTTCCAGCCCTTATA
TTGCGCTCGTGAGCTAACTCACATGATAGCCC
TATTACGCGGCGATCGGTGCGGGCGAGGATTT
CAGCCTTTGTTTAACGTCAAAAATTTTCAATT
GGAATCATCAAGCCGTTTTTATTTGTTATATA

52
CO-M-47
CO-M-48
CO-M-49
CO-M-50
CO-M-51
CO-M-52
CO-M-54
CO-M-56
CO-M-57
CO-M-58
CO-M-60
CO-M-61
CO-M-62
CO-M-63
CO-M-64
CO-M-66
CO-M-67
CO-M-68
CO-M-70
CO-M-71
CO-M-72
CO-M-73 [c]
CO-M-74
CO-M-76
CO-M-77 [c]
CO-M-78
CO-M-79
CO-M-80
CO-M-81 [c]
CO-M-82
CO-M-83
CO-M-84 [c]
CO-M-85
CO-M-86
CO-M-87
CO-M-88
CO-M-89
CO-M-90
CO-M-91
CO-M-92
CO-M-93
CO-M-94
CO-M-95 [c]
CO-M-96 [c]

ACTATATGCTCCGGCTTAGGTTGGTCATCGTA
ACCTGAGCAGAGGCGAATTATTCAGAAAATAG
AGAAGTATAATAGATAATACATTTCTCTTCGC
TAAAACATCTTTAATGCGCGAACTTAATTGCG
CTATTAGTCGCCATTAAAAATACCATAGATTA
GAGCCGTCTAGACTTTACAAACAATTCGACAA
TTTTTAACTAAATGCTGATGCAAAATTGAGAA
CAAGACAAAAATCATAGGTCTGAGACAAACAT
CAAGAAAAATTGCTTTGAATACCAAGTTACAA
CTCGTATTGGTGCACTAACAACTAGAACGAAC
TGCTGGTAATATCCAGAACAATATAAGCGTAA
GAATACGTGAAGATAAAACAGAGGATCTAAAA
TATCTTTAAAATCCTTTGCCCGAACCGCGACCTGC
CGAAACAAAGTAATAACGGA
TTCGCCTGCAAAATTAATTACATTAATAGTGA
ATATGCGTTATACAAATTCTTACCTTTTCAAA
TATATTTTGACGCTGAGAAGAGTCTAACAATT
TGATTTGATACATCGGGAGAAACACAACGGAG
ATTTTAAAGGAATTGAGGAAGGTTTGAGGCGG
TCAGTATTAACCCTTCTGACCTGATACCGCCA
GCCATTGCAACAGGAAAAACGCTCTGGCCAAC
AGAGATAGAACACCGCCTGCAACAAAATCAAC
AGTAGAAAAGTTTGAGTAACATTA
GTACCTTTATTACCTTTTTTAATGCGATAGCT
TAGATTAAAGTTAATTTCATCTTCTTAGTATC
TCATAATTACTAGAAAAAGCCTGTTGACCTAA
ATTTAATGATCCTTGAAAACATAGGAAACAGT
ACATAAATACGTCAGATGAATATATGGAAGGA
TTAGAACCAATATAATCCTGATTGTCATTTTG
CGGAACAATATCTGGTCAGTTGGCGTGCCACG
CTGAGAGCAATAAAAGGGACATTCATGGAAAT
ACCTACATTTTGACGCTCAATCGTCAGTCACA
CGACCAGTCAGCAGCAAATGAAAATCAAACCC
TCAATCAAAGAAACCACCAGAAGGATGATGGC
AATTCATCAACCATATCAAAATTATAGATTTT
CAGGTTTACAATATATGTGAGTGATTAATTTT
CCCTTAGAGTTTGAAATACCGACCCACCGGAA
ATAAGCAAAAATTCGCGTTAAATTTTTGTTAA
CTCATATAAAAGATTCAAAAGGGTAAGATTGT
CGAACGAGAAATGGTCAATAACCTTTAGAACC
ATAGTCAGGGAAGCCCGAAAGACTCAATTCTG
ACCACATTTTACGAGGCATAGTAATGACTATT
CAAGAGTAATCAACGTAACAAAGCTTAGGAAT
CAGTGAATGCGCATAGGCTGGCTGACCTTCAT
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CO-M-97 [c]
CO-M-98
CO-M-99
CO-M-100
CO-M-101
CO-M-102
CO-M-103
CO-M-104
CO-M-105
CO-M-106
CO-M-107 [c]
CO-M-108
CO-M-109 [c]
CO-M-110 [c]
CO-M-111
CO-M-112
CO-M-113
CO-M-115
CO-M-116
CO-M-118
CO-M-119
CO-M-121
CO-M-122 [c]
CO-M-123
CO-M-124
CO-M-125
CO-M-127
CO-M-128
CO-M-129
CO-M-130
CO-M-131
CO-M-132
CO-M-133
CO-M-134
CO-M-135
CO-M-136
CO-M-137
CO-M-138
CO-M-139
CO-M-140
CO-M-142
CO-M-143
CO-M-144
CO-M-146

CTATCATAATTCATCAGTTGAGATTGCTCATT
CGCGTTTTAATCAGGTCTTTACCCGAGCAACA
ATATTTTCTGTAACAGTTGATTCCTCAAATAT
CCGGAGACGCAAGGATAAAAATTTGTTTAGCT
ATCAGCTCAAGCCCCAAAAACAGGGAGAAAGG
AATCAGAAATTTTTTAACCAATAGGAACGCCA
ATTTCAACAGTCAAATCACCATCACGGTTGAT
TCATTCCAATTTGGGGCGCGAGCTAAGCCTTT
AAATCAAAAATTCGAGCTTCAAAGTGGAAGTT
GTAGAAAGACCCTCGTTTACCAGAATGACCAT
CAGACCAGAAGGCTTGCCCTGACGTATTACAG
CAGAACGAGAAAGAGGACAGATGAACGGTGTA
AAAACCAAACTAACGGAACAACATAGAAACAC
ACCGGAAGAGTTCAGAAAACGAGACGACGATA
GGCATCAAACTAAAGTACGGTGTCCGAACCAG
TTCAACCGAATACTTTTGCGGGAGGAAAAGGT
TCAAAAATTCAATCATATGTACCCATATGATA
GACCCTGTTTCTAGCTGATAAATTTCGTAAAA
AACAGTTAACCAGAGCCGCCGCCAGAACCGCC
TAAAACGAAATAGCGAGAGGCTTTCTCAAATG
CCAACTTTGTAGTAAATTGGGCTTTACGTTAA
AGAGTACCTATTCATTGAATCCCCTGCAAAAG
CATCCAATAATGCTGTAGCTCAACATGTTT
AGAGGGTAAATCGGTTGTACCAAAAGCATTAA
CCAGCTTTAATCGATGAACGGTAAAATGCCGG
AACAAGAGCATCAACATTAAATGTGAGCGAGTAACAACTTAAGGAAACCGAGGAAA
GTCATAAATTTAATTGCTCCTTTTCTTAATTG
GTCAGGACCCAGAGGGGGTAATAGGCGGAATC
AACGAGGCGCAGACGGAACTTTAATCATTGTGTTATACCA
GCGCCGACTTTAAGAACTGGCTCAAATTACCT
CAACGCCTGATAGCGTCCAATACTTAAAATGT
TATTATTCTGCGGATGGCTTAGAGGATAAGAG
CCTCAGAGATTAAGCAATAAAGCCGCAAAGAA
CGTCACCGGTCATTGCCTGAGAGTCTACAAAG
GCTATCAGACTTGAGCCATTTGGGATTATCAC
TTAGCAAACCACCACCCTCAGAGCACCGCCAC
GTCATTTTTGAAACATGAAAGTATTCGGAACC
TTAGACTGGTAGCATTCCACAGACACAAACTA
TATGCGATAATGACAACAACCATCCGATAGTT
ATAACCGATCATCTTTGACCCCCAGCGATTATACCAAGTTCATGTTACTTAGCCGG
GAACCACCATGCCCCCTGCCTATTTAAGAGGC
CCAGCAAAAGCCGCCACCCTCAGACGCCACCA
CGCAATAATAACGGAATATTCATTAAAGGTGAAATTAGAG
GTAACACTCTCAAGAGAAGGATTAGGATTA

54
CO-M-147
CO-M-148
CO-M-150
CO-M-152
CO-M-153
CO-M-154
CO-M-155
CO-M-156
CO-M-157
CO-M-158
CO-M-159
CO-M-160
CO-M-161
CO-M-162
CO-M-163
CO-M-164
CO-M-165
CO-M-166
CO-M-167
CO-M-168 [c]
CO-M-169
CO-M-170
CO-M-171
CO-M-172
CO-M-173
CO-M-174
CO-M-175
CO-M-176
CO-M-177
CO-M-30*(1)
CO-M-114*(1)
CO-M-38*(2)
CO-M-126*(2)
CO-M-40*(3)
CO-M-41*(3)
CO-M-117*(3)
CO-M-59*(4)
CO-M-120*(4)
CO-M-53*(5)
CO-M-141*(5)
CO-M-65*(6)
CO-M-149*(6)
CO-M-55*(7)
CO-M-46*(7) [c]

AGAATTTCGTAACGATCTAAAGTTCATGTACC
TAAAACACTATATTCGGTCGCTGATTTCGAGG
TTTCCAGACGGTTTATCAGCTTGCGGCTTGCA
AGCAAGGCACCAGAGCCACCACCGGCATTGAC
AGACTCCTTTGAGGGAGGGAAGGTTTACCATT
TCAACCGATATTACGCAGTATGTTAGCAAACG
TCACCGGACGGAAACGTCACCAATGGCGACAT
GGGTCAGTGAGGCAGGTCAGACGAAATCAAAA
GGGATAGCGCTCAGTACCAGGCGGTTTTAACG
AATTGTATCGTTAGTAAATGAATTCATTTTCA
CAACCTAAAAGGCCGCTTTTGCGGGAGCCTTT
CCCTCAGCTACGTAATGCCACTACGAAGGCAC
GGGATTTTAAAAAGGCTCCAAAAGGATCGTCA
CGTCGAGATCAGAGCCACCACCCTTTCTGTAT
GATATTCAGTGTACTGGTAATAAGATAAGTGC
CGATAGCATTTGCCATCTTTTCATTTGGCCTT
TAGAAAATGCGCCAAAGACAAAAGGAAACCAT
GTTTACCAACATACATAAAGGTGGCAACATAT
TATTAGCGGCACCGTAATCAGTAGTTCATATG
ATACAGGACAAACAAATAAATCCTAGCCCCCT
CGCCACCCGGGTTGATATAAGTATTTTTGATG
TCTCCAAAGCTAAACAACTTTCAACTCAGAAC
GGGTAAAAAGCGAAAGACAGCATCGTTGAAAA
GGTAGCAATTCATGAGGAAGTTTCCATTAAAC
GCGGAGTGATAATAATTTTTTCACGGAACGAG
ATAGGTGTCCTCAGAACCGCCACCCAGTTTCA
CCAGAATGAAGCGTCATACATGGCAGCCCGGA
TCAAGTTTCGGCATTTTCGGTCATCATTAAAG
AAAAGAAACACAATCAATAGAAAACGACAGAA
AGCCGGAAGCCAGCTGCATTAATGCTGTTTGATGGTGTCTTCCTGTAG
CTAGCATGAATTCGCGTCTGGCTGTTCCGAAATCGGCAAAATTCGGGAAA
TTGGGAAGCAGCTGGCTTAAAGCTAGCTATTTTTGAGAGATCTGGAGCA
CTGAATCTAAATCATACAGGCAAGTCAGAGCATGAAAGGGGCTGGGGTG
AATCAAAAGAATAGCCCTTTAAATATGCATTCTACTAATAGTAGTAACATTAT
GAGATAGGGTTGTCAGGATTAG
CTTTAAACCAAACTCCAACAGTTGAGTGTTGTTCGTAGAAGAACTCAAACTTTGAATGG
CACCAGCAGGCACAGATTTAATTTCTCAATCATAAGGGAACCGAACTGA
AAGTTTTGGTTGGGAAGAAAAATCGAGATGGTTCAATATTTATCGGCCT
AATCGCGCAAAAGAAGTTAGTTAGCTTAAACAGCTTGATACGCCCACGC
TGAGACTCGAGTTTCGTCACCAGTAGCCCTCATATGATGAAAGACTACC
ATTTATCAAGAACGCGAGAAAACTAGTATAAAGCCAATAAAGAATACAC
GGGAGTTAAACGAAAGAGGCGTCGCTCAACAGTAGGGCTTATCCAATCG
TCGCCATATTTAACAACGTTGCGGGGTTTTAAGCCCAATAGGAACCTTGTCGTC
CCAACATGTTGTGCCCGTATA

55
CO-M-151*(7)
CO-M-34*(8)
CO-M-145*(8)
CO-M-69#
CO-M-75#

AGGAGGTTGCCTTGAGTAACATAATTTAGGCAG
CAGATATATTAAACCATACGGAAATTACCCAAAAGAACTGGCATGATTA
TCCCTCAGATCACCAGTAGCACCAAAATATTGTAGTACCGCAATAAGAG
TTTGGATTATACCTGATAAATTGTGTCGAAATCGTTATTA
ATTTGTATCATCGCTTCTGAATTACAGTAACA

56
Table A.2.
Name

CO-A-R1-6T
CO-A-R2-6T
CO-A-R3-6T
CO-A-R4-6T
CO-A-R5-6T
CO-A-R6-6T
CO-A-D1-Cy5
CO-A-D2
CO-A-D3
CO-A-D4
CO-A-D5
CO-A-D6-RQ
CO-A-L1-6T
CO-A-L2-6T
CO-A-L3-6T
CO-A-L4-6T
CO-A-L5-6T
CO-A-L6-6T
CO-A-U1-6T
CO-A-U2-6T
CO-A-U3-6T
CO-A-U4-6T
CO-A-U5-6T
CO-A-U6-6T

1-1 Dimer A-Tile Edge Staple Sequences
Sequence

TTTTTTGTTAAATAAGAATAAAGTGTGATAAATAAGGC
TTTTTTAAATCGTCGCTATTAAATAACCTTGCTTCTGT
TTTTTTAAATAAAGAAATTGCGTTAGCACGTAAAACAGTTTTTT
TTTTTTTATTCCTGATTATCAGAGCGGAATTATCATCATTTTTT
TGCTGAACCTCAAATAATCTAAAGCATCACCTTTTTTT
ACATTGGCAGATTCACCTGAAATGGATTATTTTTTTTT
CGTAA/iCy5/CGTTAATATTTTGTTAATATTTAAATTGTAAA
GACATTGAGTAATGTGTAGGTTTTTAAATGCAATGCC
CTATCATTAGATACATTTCGCTAGATTTAGTTTGACCACTTG
TGAGTATCAAAAAGATTAAGAAAGCAAAGCGGATTGCTCTAC
ATAACGCCAAAAGGAACAACTAATGCAGATACGTTCA
GGATATTCATTACCCAATCTTCGACAAGAACCAGTGT/3IAbRQSp/
TCCTGAACAAGAAAAAATCAACAATAGATAAGTTTTT
TTGCACCCAGCTACAAAAGATTAGTTGCTATTTTTTTT
TTTTTTAATAATAAGAGCAAGAGAATTGAGTTAAGCCCTTTTTT
TTTTTTGTTTGAGGGGACGACGAACCGTGCATCTGCCATTTTTT
TTTTTTCCCGGGTACCGAGGTCTCGACTCTAGAGGATC
TTTTTTAGCTGATTGCCCTTCACAGTGAGACGGGCAAC
AATAAGTTTATTTTGTCGCAAAGACACCACGGTTTTTT
TGTAGCGCGTTTTCATGCCTTTAGCGTCAGACTTTTTT
TTTTTTAATTTACCGTTCCAGTGAAAGCGCAGTCTCTGTTTTTT
TTTTTTGGTTTAGTACCGCCACATCACCGTACTCAGGATTTTTT
TTTTTTACTAAAGGAATTGCGAAGAATAGAAAGGAACA
TTTTTTGAGGACTAAAGACTTTCGGCTACAGAGGCTTT
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Table A.3.
Name

CO-B-L1-6T
CO-B-L2-6T
CO-B-L3-6T
CO-B-L4-6T
CO-B-L5-6T
CO-B-L6-6T
CO-B-U1-6T
CO-B-U2-6T
CO-B-U3-6T
CO-B-U4-6T
CO-B-U5-6T
CO-B-U6-6T
CO-B-R1-6T
CO-B-R2-6T
CO-B-R3-6T
CO-B-R4-6T
CO-B-R5-6T
CO-B-R6-6T
CO-B-D1-RQ
CO-B-D2
CO-B-D3
CO-B-D4
CO-B-D5
CO-B-D6-Cy5

1-1 Dimer B-Tile Edge Staple Sequences
Sequence

TTTTTTCGTTAATATTTTGTTAATATTTAAATTGTAAA
TTTTTTTGAGTAATGTGTAGGTTTTTAAATGCAATGCC
TTTTTTATTAGATACATTTCGCTAGATTTAGTTTGACCTTTTTT
TTTTTTATCAAAAAGATTAAGAAAGCAAAGCGGATTGCTTTTTT
ATAACGCCAAAAGGAACAACTAATGCAGATACTTTTTT
GGATATTCATTACCCAATCTTCGACAAGAACCTTTTTT
TCCTGAACAAGAAAAAATCAACAATAGATAAGTTTTT
TTGCACCCAGCTACAAAAGATTAGTTGCTATTTTTTTT
TTTTTTAATAATAAGAGCAAGAGAATTGAGTTAAGCCCTTTTTT
TTTTTTGTTTGAGGGGACGACGAACCGTGCATCTGCCATTTTTT
TTTTTTCCCGGGTACCGAGGTCTCGACTCTAGAGGATC
TTTTTTAGCTGATTGCCCTTCACAGTGAGACGGGCAAC
AATAAGTTTATTTTGTCGCAAAGACACCACGGTTTTTT
TGTAGCGCGTTTTCATGCCTTTAGCGTCAGACTTTTTT
TTTTTTAATTTACCGTTCCAGTGAAAGCGCAGTCTCTGTTTTTT
TTTTTTGGTTTAGTACCGCCACATCACCGTACTCAGGATTTTTT
TTTTTTACTAAAGGAATTGCGAAGAATAGAAAGGAACA
TTTTTTGAGGACTAAAGACTTTCGGCTACAGAGGCTTT
/5IAbRQ/TTACGGTTAAATAAGAATAAAGTGTGATAAATAAGGC
ATGTCAAATCGTCGCTATTAAATAACCTTGCTTCTGT
GATAGAAATAAAGAAATTGCGTTAGCACGTAAAACAGCAAGT
ACTCATATTCCTGATTATCAGAGCGGAATTATCATCAGTAGA
TGCTGAACCTCAAATAATCTAAAGCATCACCTTGAAC
ACATTGGCAGATTCACCTGAAATGGATTATTT/iCy5/ACACT
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Table A.4.
Name

CO-A-R1-RQ
CO-A-R2
CO-A-R3
CO-A-R4
CO-A-R5
CO-A-R6-Cy5
CO-A-D1-6T
CO-A-D2-6T
CO-A-D3-6T
CO-A-D4-6T
CO-A-D5-6T
CO-A-D6-6T
CO-A-L1-6T
CO-A-L2-6T
CO-A-L3-6T
CO-A-L4-6T
CO-A-L5-6T
CO-A-L6-6T
CO-A-U1-6T
CO-A-U2-6T
CO-A-U3-6T
CO-A-U4-6T
CO-A-U5-6T
CO-A-U6-6T

2-2 Dimer A-Tile Edge Staple Sequences
Sequence

/5IAbRQ/CTGTTGTTAAATAAGAATAAAGTGTGATAAATAAGGC
CGAATAAATCGTCGCTATTAAATAACCTTGCTTCTGT
GTCTTAAATAAAGAAATTGCGTTAGCACGTAAAACAGAAGGT
ATCCTTATTCCTGATTATCAGAGCGGAATTATCATCATATGG
TGCTGAACCTCAAATAATCTAAAGCATCACCTGCAAA
ACATTGGCAGATTCACCTGAAATGGATTATTT/iCy5/AGCAT
TTTTTTCGTTAATATTTTGTTAATATTTAAATTGTAAA
TTTTTTTGAGTAATGTGTAGGTTTTTAAATGCAATGCC
TTTTTTATTAGATACATTTCGCTAGATTTAGTTTGACCTTTTTT
TTTTTTATCAAAAAGATTAAGAAAGCAAAGCGGATTGCTTTTTT
ATAACGCCAAAAGGAACAACTAATGCAGATACTTTTTT
GGATATTCATTACCCAATCTTCGACAAGAACCTTTTTT
TCCTGAACAAGAAAAAATCAACAATAGATAAGTTTTT
TTGCACCCAGCTACAAAAGATTAGTTGCTATTTTTTTT
TTTTTTAATAATAAGAGCAAGAGAATTGAGTTAAGCCCTTTTTT
TTTTTTGTTTGAGGGGACGACGAACCGTGCATCTGCCATTTTTT
TTTTTTCCCGGGTACCGAGGTCTCGACTCTAGAGGATC
TTTTTTAGCTGATTGCCCTTCACAGTGAGACGGGCAAC
AATAAGTTTATTTTGTCGCAAAGACACCACGGTTTTTT
TGTAGCGCGTTTTCATGCCTTTAGCGTCAGACTTTTTT
TTTTTTAATTTACCGTTCCAGTGAAAGCGCAGTCTCTGTTTTTT
TTTTTTGGTTTAGTACCGCCACATCACCGTACTCAGGATTTTTT
TTTTTTACTAAAGGAATTGCGAAGAATAGAAAGGAACA
TTTTTTGAGGACTAAAGACTTTCGGCTACAGAGGCTTT
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Table A.5.
Name

CO-B-L1-Cy5
CO-B-L2
CO-B-L3
CO-B-L4
CO-B-L5
CO-B-L6-RQ
CO-B-U1-6T
CO-B-U2-6T
CO-B-U3-6T
CO-B-U4-6T
CO-B-U5-6T
CO-B-U6-6T
CO-B-R1-6T
CO-B-R2-6T
CO-B-R3-6T
CO-B-R4-6T
CO-B-R5-6T
CO-B-R6-6T
CO-B-D1-6T
CO-B-D2-6T
CO-B-D3-6T
CO-B-D4-6T
CO-B-D5-6T
CO-B-D6-6T

2-2 Dimer B-Tile Edge Staple Sequences
Sequence

AACAG/iCy5/CGTTAATATTTTGTTAATATTTAAATTGTAAA
ATTCGTGAGTAATGTGTAGGTTTTTAAATGCAATGCC
AAGACATTAGATACATTTCGCTAGATTTAGTTTGACCACCTT
AGGATATCAAAAAGATTAAGAAAGCAAAGCGGATTGCCCATA
ATAACGCCAAAAGGAACAACTAATGCAGATACTTTGC
GGATATTCATTACCCAATCTTCGACAAGAACCATGCT/3IAbRQSp/
TCCTGAACAAGAAAAAATCAACAATAGATAAGTTTTT
TTGCACCCAGCTACAAAAGATTAGTTGCTATTTTTTTT
TTTTTTAATAATAAGAGCAAGAGAATTGAGTTAAGCCCTTTTTT
TTTTTTGTTTGAGGGGACGACGAACCGTGCATCTGCCATTTTTT
TTTTTTCCCGGGTACCGAGGTCTCGACTCTAGAGGATC
TTTTTTAGCTGATTGCCCTTCACAGTGAGACGGGCAAC
AATAAGTTTATTTTGTCGCAAAGACACCACGGTTTTTT
TGTAGCGCGTTTTCATGCCTTTAGCGTCAGACTTTTTT
TTTTTTAATTTACCGTTCCAGTGAAAGCGCAGTCTCTGTTTTTT
TTTTTTGGTTTAGTACCGCCACATCACCGTACTCAGGATTTTTT
TTTTTTACTAAAGGAATTGCGAAGAATAGAAAGGAACA
TTTTTTGAGGACTAAAGACTTTCGGCTACAGAGGCTTT
TTTTTTGTTAAATAAGAATAAAGTGTGATAAATAAGGC
TTTTTTAAATCGTCGCTATTAAATAACCTTGCTTCTGT
TTTTTTAAATAAAGAAATTGCGTTAGCACGTAAAACAGTTTTTT
TTTTTTTATTCCTGATTATCAGAGCGGAATTATCATCATTTTTT
TGCTGAACCTCAAATAATCTAAAGCATCACCTTTTTTT
ACATTGGCAGATTCACCTGAAATGGATTATTTTTTTTT
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Table A.6.
Name

CO-A-R1-RQ
CO-A-R2
CO-A-R3
CO-A-R4
CO-A-R5
CO-A-R6-Cy5
CO-A-D1-Cy5
CO-A-D2
CO-A-D3
CO-A-D4
CO-A-D5
CO-A-D6-RQ
CO-A-L1-6T
CO-A-L2-6T
CO-A-L3-6T
CO-A-L4-6T
CO-A-L5-6T
CO-A-L6-6T
CO-A-U1-6T
CO-A-U2-6T
CO-A-U3-6T
CO-A-U4-6T
CO-A-U5-6T
CO-A-U6-6T

2x2 Array A-Tile Edge Staple Sequences
Sequence

/5IAbRQ/CTGTTGTTAAATAAGAATAAAGTGTGATAAATAAGGC
CGAATAAATCGTCGCTATTAAATAACCTTGCTTCTGT
GTCTTAAATAAAGAAATTGCGTTAGCACGTAAAACAGAAGGT
ATCCTTATTCCTGATTATCAGAGCGGAATTATCATCATATGG
TGCTGAACCTCAAATAATCTAAAGCATCACCTGCAAA
ACATTGGCAGATTCACCTGAAATGGATTATTT/iCy5/AGCAT
CGTAA/iCy5/CGTTAATATTTTGTTAATATTTAAATTGTAAA
GACATTGAGTAATGTGTAGGTTTTTAAATGCAATGCC
CTATCATTAGATACATTTCGCTAGATTTAGTTTGACCACTTG
TGAGTATCAAAAAGATTAAGAAAGCAAAGCGGATTGCTCTAC
ATAACGCCAAAAGGAACAACTAATGCAGATACGTTCA
GGATATTCATTACCCAATCTTCGACAAGAACCAGTGT/3IAbRQSp/
TCCTGAACAAGAAAAAATCAACAATAGATAAGTTTTT
TTGCACCCAGCTACAAAAGATTAGTTGCTATTTTTTTT
TTTTTTAATAATAAGAGCAAGAGAATTGAGTTAAGCCCTTTTTT
TTTTTTGTTTGAGGGGACGACGAACCGTGCATCTGCCATTTTTT
TTTTTTCCCGGGTACCGAGGTCTCGACTCTAGAGGATC
TTTTTTAGCTGATTGCCCTTCACAGTGAGACGGGCAAC
AATAAGTTTATTTTGTCGCAAAGACACCACGGTTTTTT
TGTAGCGCGTTTTCATGCCTTTAGCGTCAGACTTTTTT
TTTTTTAATTTACCGTTCCAGTGAAAGCGCAGTCTCTGTTTTTT
TTTTTTGGTTTAGTACCGCCACATCACCGTACTCAGGATTTTTT
TTTTTTACTAAAGGAATTGCGAAGAATAGAAAGGAACA
TTTTTTGAGGACTAAAGACTTTCGGCTACAGAGGCTTT
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Table A.7.
Name

CO-B-L1-Cy5
CO-B-L2
CO-B-L3
CO-B-L4
CO-B-L5
CO-B-L6-RQ
CO-B-U1-6T
CO-B-U2-6T
CO-B-U3-6T
CO-B-U4-6T
CO-B-U5-6T
CO-B-U6-6T
CO-B-R1-6T
CO-B-R2-6T
CO-B-R3-6T
CO-B-R4-6T
CO-B-R5-6T
CO-B-R6-6T
CO-B-D1-RQ
CO-B-D2
CO-B-D3
CO-B-D4
CO-B-D5
CO-B-D6-Cy5

2x2 Array B-Tile Edge Staple Sequences
Sequence

AACAG/iCy5/CGTTAATATTTTGTTAATATTTAAATTGTAAA
ATTCGTGAGTAATGTGTAGGTTTTTAAATGCAATGCC
AAGACATTAGATACATTTCGCTAGATTTAGTTTGACCACCTT
AGGATATCAAAAAGATTAAGAAAGCAAAGCGGATTGCCCATA
ATAACGCCAAAAGGAACAACTAATGCAGATACTTTGC
GGATATTCATTACCCAATCTTCGACAAGAACCATGCT/3IAbRQSp/
TCCTGAACAAGAAAAAATCAACAATAGATAAGTTTTT
TTGCACCCAGCTACAAAAGATTAGTTGCTATTTTTTTT
TTTTTTAATAATAAGAGCAAGAGAATTGAGTTAAGCCCTTTTTT
TTTTTTGTTTGAGGGGACGACGAACCGTGCATCTGCCATTTTTT
TTTTTTCCCGGGTACCGAGGTCTCGACTCTAGAGGATC
TTTTTTAGCTGATTGCCCTTCACAGTGAGACGGGCAAC
AATAAGTTTATTTTGTCGCAAAGACACCACGGTTTTTT
TGTAGCGCGTTTTCATGCCTTTAGCGTCAGACTTTTTT
TTTTTTAATTTACCGTTCCAGTGAAAGCGCAGTCTCTGTTTTTT
TTTTTTGGTTTAGTACCGCCACATCACCGTACTCAGGATTTTTT
TTTTTTACTAAAGGAATTGCGAAGAATAGAAAGGAACA
TTTTTTGAGGACTAAAGACTTTCGGCTACAGAGGCTTT
/5IAbRQ/TTACGGTTAAATAAGAATAAAGTGTGATAAATAAGGC
ATGTCAAATCGTCGCTATTAAATAACCTTGCTTCTGT
GATAGAAATAAAGAAATTGCGTTAGCACGTAAAACAGCAAGT
ACTCATATTCCTGATTATCAGAGCGGAATTATCATCAGTAGA
TGCTGAACCTCAAATAATCTAAAGCATCACCTTGAAC
ACATTGGCAGATTCACCTGAAATGGATTATTT/iCy5/ACACT

62
Table A.8.
Name

CO-A-R1-RQ
CO-A-R2
CO-A-R3
CO-A-R4
CO-A-R5
CO-A-R6-Cy5
CO-A-D1-Cy5
CO-A-D2
CO-A-D3
CO-A-D4
CO-A-D5
CO-A-D6-RQ
CO-A-L1-Cy5
CO-A-L2
CO-A-L3
CO-A-L4
CO-A-L5
CO-A-L6-RQ
CO-A-U1-RQ
CO-A-U2
CO-A-U3
CO-A-U4
CO-A-U5
CO-A-U6-Cy5

UB Array A-Tile Edge Staple Sequences
Sequence

/5IAbRQ/CTGTTGTTAAATAAGAATAAAGTGTGATAAATAAGGC
CGAATAAATCGTCGCTATTAAATAACCTTGCTTCTGT
GTCTTAAATAAAGAAATTGCGTTAGCACGTAAAACAGAAGGT
ATCCTTATTCCTGATTATCAGAGCGGAATTATCATCATATGG
TGCTGAACCTCAAATAATCTAAAGCATCACCTGCAAA
ACATTGGCAGATTCACCTGAAATGGATTATTT/iCy5/AGCAT
CGTAA/iCy5/CGTTAATATTTTGTTAATATTTAAATTGTAAA
GACATTGAGTAATGTGTAGGTTTTTAAATGCAATGCC
CTATCATTAGATACATTTCGCTAGATTTAGTTTGACCACTTG
TGAGTATCAAAAAGATTAAGAAAGCAAAGCGGATTGCTCTAC
ATAACGCCAAAAGGAACAACTAATGCAGATACGTTCA
GGATATTCATTACCCAATCTTCGACAAGAACCAGTGT/3IAbRQSp/
TCCTGAACAAGAAAAAATCAACAATAGATAAG/iCy5/AGCAT
TTGCACCCAGCTACAAAAGATTAGTTGCTATTGCAAA
ATCCTAATAATAAGAGCAAGAGAATTGAGTTAAGCCCTATGG
GTCTTGTTTGAGGGGACGACGAACCGTGCATCTGCCAAAGGT
CGAATCCCGGGTACCGAGGTCTCGACTCTAGAGGATC
/5IAbRQ/CTGTTAGCTGATTGCCCTTCACAGTGAGACGGGCAAC
AATAAGTTTATTTTGTCGCAAAGACACCACGGAGTGT/3IAbRQSp/
TGTAGCGCGTTTTCATGCCTTTAGCGTCAGACGTTCA
TGAGTAATTTACCGTTCCAGTGAAAGCGCAGTCTCTGTCTAC
CTATCGGTTTAGTACCGCCACATCACCGTACTCAGGAACTTG
GACATACTAAAGGAATTGCGAAGAATAGAAAGGAACA
CGTAA/iCy5/GAGGACTAAAGACTTTCGGCTACAGAGGCTTT
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Table A.9.
Name

CO-B-L1-Cy5
CO-B-L2
CO-B-L3
CO-B-L4
CO-B-L5
CO-B-L6-RQ
CO-B-U1-Cy5
CO-B-U2
CO-B-U3
CO-B-U4
CO-B-U5
CO-B-U6-RQ
CO-B-R1-RQ
CO-B-R2
CO-B-R3
CO-B-R4
CO-B-R5
CO-B-R6-Cy5
CO-B-D1-RQ
CO-B-D2
CO-B-D3
CO-B-D4
CO-B-D5
CO-B-D6-Cy5

UB Array B-Tile Edge Staple Sequences
Sequence

AACAG/iCy5/CGTTAATATTTTGTTAATATTTAAATTGTAAA
ATTCGTGAGTAATGTGTAGGTTTTTAAATGCAATGCC
AAGACATTAGATACATTTCGCTAGATTTAGTTTGACCACCTT
AGGATATCAAAAAGATTAAGAAAGCAAAGCGGATTGCCCATA
ATAACGCCAAAAGGAACAACTAATGCAGATACTTTGC
GGATATTCATTACCCAATCTTCGACAAGAACCATGCT/3IAbRQSp/
TCCTGAACAAGAAAAAATCAACAATAGATAAG/iCy5/ACACT
TTGCACCCAGCTACAAAAGATTAGTTGCTATTTGAAC
ACTCAAATAATAAGAGCAAGAGAATTGAGTTAAGCCCGTAGA
GATAGGTTTGAGGGGACGACGAACCGTGCATCTGCCACAAGT
ATGTCCCCGGGTACCGAGGTCTCGACTCTAGAGGATC
/5IAbRQ/TTACGAGCTGATTGCCCTTCACAGTGAGACGGGCAAC
AATAAGTTTATTTTGTCGCAAAGACACCACGGATGCT/3IAbRQSp/
TGTAGCGCGTTTTCATGCCTTTAGCGTCAGACTTTGC
AGGATAATTTACCGTTCCAGTGAAAGCGCAGTCTCTGCCATA
AAGACGGTTTAGTACCGCCACATCACCGTACTCAGGAACCTT
ATTCGACTAAAGGAATTGCGAAGAATAGAAAGGAACA
AACAG/iCy5/GAGGACTAAAGACTTTCGGCTACAGAGGCTTT
/5IAbRQ/TTACGGTTAAATAAGAATAAAGTGTGATAAATAAGGC
ATGTCAAATCGTCGCTATTAAATAACCTTGCTTCTGT
GATAGAAATAAAGAAATTGCGTTAGCACGTAAAACAGCAAGT
ACTCATATTCCTGATTATCAGAGCGGAATTATCATCAGTAGA
TGCTGAACCTCAAATAATCTAAAGCATCACCTTGAAC
ACATTGGCAGATTCACCTGAAATGGATTATTT/iCy5/ACACT
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APPENDIX D

65
DNA Origami Annealing Protocol
Table A.10.

Origami Cross Tile Annealing Protocol

Step # Temperature and Rate
1 Increase to 70° C at a rate of 1° C / 18 sec
2 Hold 70° C for 50 minutes
3 Decrease to 60° C at 1° C / 450 sec
4 Decrease to 55° C at 1° C / 600 sec
5 Decrease to 50° C at 1° C / 900 sec
6 Decrease to 35° C at 1° C / 1200 sec
7 Decrease to 30° C at 1° C / 240 sec
8 Decrease to 20° C and hold
9 End Anneal

